Introduction
Inclusions are inevitably present in molten steel during the smelting process. The morphology, size, number and distribution of inclusions determine the cleanliness level of molten steel, which will affect the impact toughness, fatigue properties, fracture toughness of steel ingots. Especially large-sized hard inclusions are usually crack sources, which directly cause quality defects in steel ingots. [1] [2] [3] [4] [5] H13 steel (4Cr5MoSiV1) is the most widely used and most representative hot work die steel, widely used in hammer forging dies, hot extrusion dies and die casting dies. H13 steel generally works under harsh conditions. It needs to withstand high temperature and high pressure and sometimes suffer large impact. Thus the thermal fatigue performance is required to be high. For the die steel whose main failure mode is fatigue damage, brittle inclusions that tend to cause intense stress concentration in the steel matrix are one of the important reasons for service life. [6] [7] [8] Therefore, improving the cleanliness level of molten steel can significantly improve the product quality and service life of the die steel.
Due to strong thermodynamic affinity with O and S, [9] [10] [11] the application of rare earth metals in steel has received extensive attention. Some scholars showed that rare earth metals could reduce the contents of impurity elements such as O and S and effectively modify inclusions in steel and Ni-base alloy. 12, 13) However, some other scholars put forward different opinions.
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J. Appelberg et al. 14) observed cerium oxide particles on a molten 20%Cr stainless surface by confocal scanning laser microscopy. The steel containing mostly pure cerium oxide particles are semiglobular in shape. The inclusion interaction was found to occur between multiple particles. When the smaller particles had agglomerated and formed clusters larger than approximately 20 μm (effective radius), further agglomeration was very fast. J. Janis et al. 15) from the same research team studied an electrolytic extraction method for analysis of particle characteristics in a Fe-20mass%Cr alloy deoxidized with Ti and Ce. The size distributions of large size particles (about 5 μm) showed that the number and size of large size particles increased with an increased holding time, indicating that Ce containing particles seemed to have a high agglomeration tendency and continuously form larger particles and clusters. They also pointed out that large size particles and clusters with a high content of Ce-oxides did not float up in the melt without stirring, which was due to the small difference between densities of the melt and the Ce-oxides.
T. Dan et al. 16) investigated the deoxidation characteristic of Al-Ce complex deoxidizers. Compared to Al deoxidation, the rate of deoxidation with Al-Ce complex deoxidizers decreased and the oxygen content in molten iron increased. With the increasing Al-Ce addition, the oxygen content in molten iron went up. These results were attributed to higher density of Ce 2 O 3 -cantaining oxide inclusions than that of pure Al 2 O 3 .
A. Katsumata et al. 17) conducted a research on the effects of Ce and Al for deoxidation on inclusion composition in 25Cr-6Ni stainless steel. The compositions of inclusions after deoxidation were analyzed as an Al 2 O 3 -Ce 2 O 3 system. The quantitative analysis revealed that the Ce 2 O 3 content in inclusions increased with increasing Ce content in the steel. Because of the higher specific gravities of the inclusions containing Ce than the others, such as silica and alumina, when the inclusions contained Ce 2 O 3 , the rate of the decrease in oxygen content slowed down and the flotation velocity of inclusions was reduced. In summary, rare earth inclusions have a strong tendency to aggregate. Although rare earth metals have strong affinity with O and S in molten steel, rare earth inclusions are not easy to float up because of their high density close to that of molten steel. Thus the deoxidization and desulfurization rates are reduced, which is not conducive to the discharge of impurity elements such as O and S in molten steel. In order to effectively improve the ability of rare earth metals to remove O and S from molten steel, rare earth magnesium alloy was added to H13 steel in our paper. The effects of rare earth magnesium alloy on deoxidization and desulfurization of molten steel and the evolution mechanism of inclusions were investigated.
Experimental Procedure
The experiments were carried out by using a 25 kg vacuum induction furnace, and the raw material was H13 steel. The chemical composition of H13 steel is listed in Table 1 .
Five laboratory specimens were prepared in a MgO-rich spinel crucible (MgO ≥ 70% and Al 2 O 3 ≤ 30%), denoted as Steel 0#-4# respectively. Steel 0# was used as the blank sample without rare earth magnesium alloy. Rare earth Ce and nickel-magnesium alloy (80%Ni + 20%Mg) were respectively added into Steel 1# and Steel 2# for comparison, while different contents of rare earth magnesium alloy were added into Steel 3# and Steel 4#. Rare earth magnesium alloy were prepared by briquetting production of Ce-Mg alloy powders (30%Ce + 70%Mg) combined with Ni and Mo powders in order to increase the specific gravity of the alloy. The schematic diagram of vacuum induction furnace is shown in Fig. 1 . The melting process was controlled with a vacuum atmosphere under 3 Pa by pumping gas. After melting, argon was inflated to furnace in order to reduce the splashing degree of subsequent added alloy. When the temperature measured by the temperature gun reached 1 823 K, Ce and Ni-Mg alloy were respectively put into Steel 1# and 2# from the feed bin, and rare earth magnesium alloy was added to Steel 3# and Steel 4#. Then the melts were held for 5 min before pouring molten steel to ingot mold. The theoretical addition of Ce and Mg in each heat is showed in Table 2 .
Samples were taken at one-half radius in the plane with 30 mm from the bottom for chemical component analysis. The O and S contents were measured by a Leco TC 500 N 2 / O 2 simultaneous analyzer and an infrared C/S simultaneous analyzer respectively. An iCAP 6300 ICP-OES analyzer was used to test Mg and Ce contents.
Samples selected from the same position as the above were cut into 8 mm × 8 mm × 4 mm by wire cutting. After the samples were ground and polished, 30 photos with a magnification of 1 000 were adopted randomly for each sample with the help of scanning electron microscopy (SEM). The statistical data on the number, size and distribution of inclusions for each photo were analyzed by Image Pro Plus software. The morphology and size of inclusions were observed by SEM and the chemical composition was tested by energy dispersive spectrometry (EDS).
Results and Discussion
Chemical Compositions for Prepared Steels
The compositions of O, S, Mg and Ce are presented in Table 3 . Since Mg has a very high vapor pressure at the smelting temperature, the yield of Mg for Steel 2#-4# is less than 5%, which is significantly lower than that of Ce. At the same time, when rare earth magnesium alloy is added to the molten steel, a large loss of Mg will inevitably take some of Ce away, resulting in that Ce yield in Steel 3# and Steel 4# is lower than Steel 1#. From Steel 0#-2#, it can be known that Ce can remove O and S from molten steel. However, it seems that Mg can deoxidize but does not help desulfurization. Although Ce content and Mg content of Steel 3# are respectively less than that of Steel 1# and Steel 2#, the O and S contents in Steel 3# are significantly lower. Furthermore, with the increasing Ce-Mg alloy, the O and S contents are further reduced to 0.0003% and 0.0007% respectively for Steel 4#. The analysis results of chemical compositions show that Ce-Mg alloy has better deoxidization and desulfurization ability than only adding Ce and only adding Mg. Figure 2 is the SEM images and EDS analysis of inclusions in Steel 0#. The inclusions in Steel 0# are mainly Al-Ca-Si-O, and the morphology is mostly large spherical-like shape with irregular surface. The spherical-like inclusions with sharp corners in Figs. 2(d)-2(f) are more than 6 μm in size, which are usually easy to become the origin of cracks, resulting in reduced properties of steel or even broken defects. Figure 3 is the SEM images and EDS analysis of inclusions in Steel 1#. The inclusions in the H13 steel with Ce addition are all rare earth inclusions, and the morphology is mostly spherical or ellipsoidal. The size of inclusions is small on the whole, but there are also inclusions larger than 3 μm in size. In particular, the rare earth inclusion in Fig. 3 (d) can be presumed to be aggregated by two inclusions, indicating that rare earth inclusions have a tendency to aggregate and grow up. This phenomenon is consistent with the findings of J. Appelberg et al. 14) and J. Janis et al. 15) Besides, it can be found that Ce inclusion is wrapped by the carbide whose composition is mostly VC in Fig. 3(e). According to the EDS measurement, the rare earth inclusions in Steel 1# are mainly Ce 2 O 2 S. There also exists a small amount of Ce 2 O 3 , as shown in Fig. 3(f) . posite inclusions in Steel 3#. When Ce-Mg alloy is added to H13 steel, the composite inclusions formed in steel contain three compounds. The inner core is white Ce 2 O 2 S with ellipsoidal shape; the middle layer is black MgO; the outermost layer is VC, attaching or wrapping on the surface of Ce 2 O 2 S and MgO. Figure 6 is the SEM surface scanning analysis of composite inclusions in Steel 4#. The type of composite inclusions in Steel 4# is the same as that in Steel 3#. The inner core is still white Ce 2 O 2 S. As the amount of Ce-Mg alloy increases, the Mg content in steel rises, and the MgO size in composite inclusions further increases. The existence state of MgO gradually changes from attaching to the surface of Ce 2 O 2 S with a small range in Fig. 5 to wrapping on the surface of Ce 2 O 2 S with a large area in Fig. 6 . The outermost layer of composite inclusions is also VC.
Effect of Ce-Mg Alloy Addition on Inclusion Characteristics
Thermodynamic Calculation
In Table 4 . 10, 18, 19) When Eqs. (1)- (8) in Table 4 reach equilibrium, the equilibrium constant K can be expressed as: where e i j is activity interaction coefficient. The activity interaction coefficients in the molten steel at 1 873 K are shown in Table 5 . 18, [20] [21] [22] [23] [24] [25] [26] The interaction coefficients at different temperatures can be calculated using the formula: 27) e T e According to the activity interaction coefficients in Table 5 and Eqs. (26), (27) , the activity coefficients of the elements at different temperatures can be obtained. The equilibrium oxygen concentration and equilibrium sulfur concentration of various deoxidization and desulfurization products in H13 steel with Ce-Mg addition can be calculated by Eqs. (18)- (25) . Figure 7 is the comparison of deoxidization of Ce and Mg when [S] is 0.001% (Fig. 7(a) ) and desulphurization of Ce and Mg when [O] is 0.0007% (Fig. 7(b) ) at 1 823 K respectively. As can be seen from Fig. 7(a) , both of Ce and Mg have strong thermodynamic affinity with O. When [i] (i = Ce or Mg) content in the steel is 0.01%, the equilibrium oxygen content of CeO 2 is 0.0008%, while the equilibrium oxygen contents of Ce 2 O 2 S, Ce 2 O 3 and MgO are all less than 0.0001%. As [i] content in the steel decreases, the equilibrium oxygen contents of all the deoxidization products increase by different degrees. When [i] content is reduced to 0.001%, the equilibrium oxygen content of CeO 2 exceeds 0.002%, and the equilibrium oxygen contents of Ce 2 O 3 and MgO increase to 0.00016% and 0.00021% respectively. While the equilibrium oxygen content of Ce 2 O 2 S is still stable below 0.0001%. Therefore, Ce 2 O 2 S has stronger formation ability than MgO, indicating that Ce has stronger deep deoxidization capacity than Mg at a low content. It can also be seen from Fig. 7(a) From Fig. 7(b) , the desulfurization capacity of Ce is significantly better than Mg. The equilibrium sulfur contents of all desulfurization products of Ce are obviously lower Figure 8 is the effect of temperature on deoxidization of Ce and Mg when [S] is 0.001% ( Fig. 8(a) ) and on desulphurization of Ce and Mg when [O] is 0.0007% (Fig. 8(b) ). Because Ce 2 O 2 S is the most easily formed deoxidization and desulfurization product in Ce containing inclusions from Fig. 7 , it is taken as the research object. The deoxidization product and desulfurization product of Mg are MgO and MgS respectively. As observed in Fig. 8 , the effect of temperature on Mg deoxidization and desulfurization is significantly greater than Ce, and the effect of temperature on Mg desulfurization is greater than that on Mg deoxidization. When [i] content in the steel is 0.002%, with the temperature decreasing from 1 873 K to 1 773 K, the equilibrium sulfur content of MgS is reduced from above 0.05% to 0.0103% and the equilibrium oxygen content of MgO is reduced from 0.00033% to below 0.0001%. In contrast, the equilibrium oxygen content and equilibrium sulfur content of Ce 2 O 2 S are almost unchanged, which are always below 0.0001%. Due to very strong affinity of Ce with oxygen and sulfur, the equilibrium oxygen content and equilibrium sulfur content of Ce 2 O 2 S are already at extremely low level even at high temperature. Therefore, further decrease in temperature does not have a significant effect on deoxidization and desulfurization of Ce. Figure 8 shows that the decrease in temperature leads to reduction in the equilibrium oxygen content and equilibrium sulfur content in the steel, which will promote the deoxidization and desulfurization reactions in the molten steel. When Ce and Mg are used to treat molten steel during smelting, under the premise of ensuring good fluidity of the molten steel, controlling low and stable temperature is beneficial for better deoxidization and desulfurization. ([S] ≤ 0.0010%) by using Mg treatment under normal pressure. Compared with Mg, Ce has more excellent and stable desulfurization ability, which is an ideal choice for deep desulfurization in the metallurgical process. From Figs. 3-6 , for Steel 1#-4# with Ce content of 0.0032%-0.0066% and Mg content of 0.0012%-0.0023%, both of Ce deoxidization products and desulfurization products found in steel are mainly Ce 2 O 2 S. Mg deoxidization product is MgO, but desulfurization product MgS is not found. According to Figs. 7, 8 , thermodynamic calculation results show that Ce 2 O 2 S is the most stable and most easily formed inclusions. At the same time, it is also easy to form MgO in molten steel. However, because the equilibrium sulfur content of MgS is too high, MgS is hardly to be generated. Therefore, the thermodynamic calculation results are consistent with the analysis of SEM and EDS. Figure 9 is the comparison of inclusion size distribution. The diameter d from Fig. 9 is the average length of diameters measured at 2 degree intervals and passing through the object's centroid with the help of Image Pro Plus software. The measurement diagram is shown in Fig. 10 . The red line represents the diameter d and the yellow area surrounded by solid outer layers represents the area S, and both of the diameter d and the area S are confirmed and measured by Image Pro Plus software. For Steel 0#, the ratio of the inclusion diameter d less than 1 μm is only 2.3% and the ratio of d > 3 μm is more than 26%. When Ce, Ni-Mg and Ce-Mg alloy are added to H13 steel, the ratios of d < 1 μm for Steel 1#-4# drastically increase to over 8.5% and the ratios of d > 3 μm decrease to below 15.5%, indicating that Ce and Mg can refine inclusions when steel contains dozens of parts per million (ppm). Compared to Steel 1#-2#, the ratios of d > 3 μm in Steel 3#-4# with Ce-Mg addition increase, mainly due to that Ce inclusions are attached or wrapped by MgO.
Statistics of Inclusions
The size data including the diameter d and the area S for every inclusion and the inclusion numbers in photos taken by SEM are exported from Image Pro Plus software, so that the average diameter d and average area S of inclusions can be obtained, shown in Fig. 11 . Ce and Mg addition makes d of inclusions decrease remarkably from 2.57 μm in Steel 0# to 1.67 μm in Steel 1# and 1.74 μm in Steel 2#, and also makes S of inclusions decrease from 7.21 μm 2 in Steel 0# to 2.93 μm 2 in Steel 1# and 3.09 μm 2 in Steel 2#. For Steel 3#-4# with Ce-Mg treatment, average diameters d are 1.86 μm and 2.03 μm respectively, larger than that of Steel 1#-2#. However, the average diameter d and average area S of inclusions with Ce-Mg treatment are still less than that of Steel 0# obviously. From Figs. 7, 8 and Table 3 , the desulfurization capacity of Mg is significantly weaker than Ce. Especially when Mg content is below 0.002%, it is hardly to react with S. From  Fig. 11 and Table 3 , it can be seen that although Steel 1# with Ce addition alone has the minimum inclusion size, the O and S contents in Steel 1# are not significantly reduced. In contrast, Steel 3#-4# with Ce-Mg treatment have much lower contents of O and S, implying that Ce-Mg treatment has more excellent ability of deoxidization and desulfurization than only adding Ce and only adding Mg.
Effect of Ce-Mg Treatment on Deoxidization and Desulfurization
According to Stokes law, the floating rate of inclusions v can be expressed as: where v is the floating rate of inclusions, m·s
; ρ s is the density of molten steel, kg·m
; ρ i is the average density of inclusions, kg·m
; g is gravity acceleration, m·s
; d is the diameter of inclusions, m; η is the viscosity of molten steel, Pa·s.
Based on Stokes law, the floating rate of inclusions in molten steel is inversely proportional to the average density of inclusions, and proportional to the diameter of inclusions. Therefore, the smaller the average density of inclusions is and the larger the diameter is, the faster the floating rate of inclusions becomes.
As can be seen from the above discussion, when Ce is used to treat molten steel, Ce has very strong ability to combine with O and S. However, it is shown in Table 6 28-31) that reaction products Ce 2 O 3 and Ce 2 O 2 S are 6.87 × 10 3 kg·m − 3
and 5.99 × 10 3 kg·m − 3 in density respectively. Because the densities of Ce inclusions are close to that of molten steel, the floating rate of rare earth inclusions is restricted and rare earth inclusions are not easily removed from molten steel. Although a small amount of Ce can react with O and S below 0.0010% in molten steel, the contents of O and S in the ingot are not significantly reduced, such as Steel 1# in Table 3 .
When Ce-Mg alloy is added to molten steel, the composite inclusions of low-density MgO attaching or wrapping on the surface of high-density Ce inclusions will be formed (Figs. 5, 6 ). Because the density of MgO is significantly lower than that of rare earth inclusions, the average density of composite inclusions is lower than that of Ce inclusions alone. At the same time, the size of composite inclusions increases owing to the addition of a layer of MgO. Therefore, the composite inclusions formed by the Ce-Mg treatment have a faster floating rate than Ce addition from Stokes law. In addition, due to the high vapor pressure of Mg at the smelting temperature, Ce-Mg treatment leads to a large amount of tiny magnesium bubbles, which can stir molten steel to further promote inclusions to float up.
23) The above comprehensive effects make inclusions more easily float around the upper surface of the molten steel and form a thin layer of slag film. Part of slag film is adsorbed to the wall of the crucible during the pouring process. Therefore, impurity elements such as O and S in molten steel are removed. With the increasing Ce-Mg alloy, the MgO layer in composite inclusions becomes thicker. Not only the average density becomes smaller, but also the average diameter further increases, promoting the floating rate of inclusions to go up significantly. Finally the contents of O and S in steel come down remarkably, such as Steel 4# in Table 3 .
Evolution Mechanism of Inclusions with Ce-Mg
Treatment Based on SEM analysis in Figs. 2-6 and thermodynamic calculation in Figs. 7, 8 , the evolution mechanism of inclusions with Ce-Mg treatment can be speculated. The schematic diagram of evolution process is shown in Fig. 12. 3.6.1. Stage I When the melting temperature is stable at 1 823 K, it is easy to form Al-Ca-Si-O inclusions in molten steel ( Fig.  12(a-i) ). Theses inclusions are mostly large spherical-like shape with irregular surface, shown as Fig. 2 . Besides, there are also many [O] and [S] in the free state in molten steel ( Fig. 12(a-ii) ).
Stage II
After Ce-Mg alloy is added to molten steel at 1 823 K, due to stronger affinity of Ce with O and S than Mg, O and S in molten steel tend to preferentially react with Ce to form Ce inclusions, which are mostly Ce 2 O 2 S (Fig. 12(b) (29) 3.6.3. Stage III As the above reactions proceed, the activity of Ce gradually decreases. When the activity of Ce is reduced to a certain extent, Mg begins to react with O, shown in Eq. (7) in Table 4 . Taking Ce inclusions generated preferentially on Stage Ⅱ as the core, MgO attaches or wraps on the surface of Ce inclusions. When the amount of Ce-Mg alloy addition is low, the Mg content in steel is few and the size of MgO is small. MgO attaches to the surface of Ce inclusions with a small range, as observed in Fig. 12(c-i) . When the amount of Ce-Mg alloy addition goes up, the Mg content in steel increases and the size of MgO enlarges. MgO becomes wrapping on the surface of Ce inclusions with a large area, as illustrated in Fig. 12(c-ii) .
Stage IV
Compared with Ce inclusions alone, the composite inclusions of low-density MgO attaching or wrapping on the surface of high-density Ce inclusions have lower average density and larger diameter. According to Stokes law, the floating rate of inclusions is accelerated, which is beneficial for the discharge of inclusions (Fig. 12(d-i) ). Other composite inclusions that are not discharged are easy to be the cores of heterogeneous nucleation and wrapped by carbides during the solidification process, 23, 32, 33) which finally stay in the steel ingot, as shown in Figs. 12(d-ii) , 12(d-iii).
Conclusions
Rare earth Ce, nickel-magnesium alloy, and rare earth magnesium alloy were added to H13 steel in this paper. The O and S contents and the statistics of inclusions in Steel 0#-4# were analyzed comparatively. Formation characteristics and evolution mechanism of inclusions with rare earth magnesium alloy treatment were revealed. The conclusions are as follows:
(1) Rare earth magnesium alloy has better deoxidization and desulfurization ability than only adding Ce and only adding Mg. The O and S contents can be reduced to 0.0003% and 0.0007% respectively for Steel 4# with Ce-Mg addition. Compared to Ce addition and Mg addition, the average diameter and average area of inclusions with Ce-Mg treatment increase.
(2) The inclusions in H13 steel are mainly Al-Ca-Si-O whose morphology is mostly large spherical-like shape with irregular surface. Adding rare earth Ce can transform Al-Ca-Si-O inclusions into small spherical or ellipsoidal Ce 2 O 2 S and Ce 2 O 3 . Because rare earth inclusions have high densities, close to that of molten steel, they are not easily removed from molten steel, and the contents of O and S in H13 with Ce addition are not significantly reduced. There are two kinds of inclusions in steel with Mg treatment. One kind is the composite inclusion of MgO wrapped by Mg-Al-Ca-Si-O, and the other one is pure MgO inclusion. Due to weak desulfurization capacity, S content in Steel 2# does not decrease compared to Steel 0#.
(3) After adding rare earth magnesium alloy to H13 steel, the composite inclusions of low-density MgO attaching or wrapping on the surface of high-density Ce inclusions are formed. Due to lower average density and larger diameter, the floating rate of composite inclusions is faster according to Stokes law, making composite inclusions easier to float up. Therefore, it is beneficial to remove the impurity elements such as O and S in the steel.
(4) Thermodynamic calculation shows that Ce has stronger affinity with O and S than Mg. 0.001% Ce in molten steel has the ability of deep deoxidization and deep desulfurization ([O], [S] ≤ 0.0010%). However, Mg possesses only deep deoxidization capacity. Even if the molten steel contains 0.01% Mg, it is difficult to obtain the effect of deep desulfurization. Reducing temperature can promote the reactions of deoxidization and desulfurization in the molten steel. It is beneficial for better deoxidization and desulfurization by controlling low and stable temperature.
